Pt/α-MnO 2 nanotube: a highly active electrocatalyst for Li-O 2 battery.
Introduction
As an advanced energy storage and conversion system, the rechargeable Li-O 2 battery, firstly presented in 1996, has recently attracted considerable attention because of its high gravimetric density [1, 2] . In an ideal Li resulting from a large overpotential, especially due to the high charging voltage [3, 4] .
Although the real role of the catalyst is controversial and the catalytic mechanism is not yet clear [5] [6] [7] , it has been widely accepted that ORR kinetics in a Li-O 2 battery is catalytically insensitive, since carbon which is used as a porous cathode alone provides a sufficient catalytic promotion [8, 9] , while the counterpart OER shows a different situation, i.e. the use of a catalyst seems to lower the charging voltage of Li-O 2 cells [10, 11] .
Up to now, a number of materials have been employed as cathode catalysts, such as noble metals (or their alloys) [8, 12, 13] , carbonaceousmaterials [14, 15] , and transition-metal oxides [16, 17] . Platinum (Pt) as a highly stable and superior electrocatalytic noble metal has shown to facilitate oxygen evolution and lower the activation barrier in the OER [12, 18, 19] .
However, the cost and scarcity of Pt limit its application in Li-O 2 batteries. Since other monocomponent catalysts cannot usually compete with precious metal catalysts, attempts have been made to use supported noble metal catalysts. Pt dispersed on supporting materials as heterogeneous catalysts could even exceed the catalytic performance of Pt [20, 21] , since the aggregation and/or big size of single-species Pt particles normally decrease its surface area, which can inevitably depress the electrocatalytic activity. In this respect, Pt supported on Co 3 O 4 (Pt/Co 3 O 4 ) [22] , graphene (Pt/graphene) [23] , titanium nitride nanotubes (Pt/TiN) [24] , and carbon nitride (Pt/CN) [25] There are many factors that can affect the catalytic activity of Pt, such as its synthesis method and the choice of support. Using a nanoscale support is a promising approach to stabilize a nanostructured catalyst with good dispersion, in order to generate synergistic effects. Equally, it has been reported that the implementation of nanosized materials can not only imply a better electronic conductivity but also offer a robust support for cathode catalyst [31] . The morphology of the support can influence the catalytic activity of Pt, as it can affect the Pt particle size, the Pt dispersion, the Pt-support interaction, and the exposure of more reactive planes. In addition, the surface area is also critical for the function of the electrocatalyst and its support [16, 32] . Although α-MnO 2 nanotubes displayed its first sign as a good catalyst [28] , it has rarely been used as a catalyst support in Li-O 2 batteries.
Here, we explore a facile route for the synthesis of Pt-deposited α-MnO 2 nanotubes, which is expected to exhibit an excellent electrocatalytic activity in OER. 
Electrochemical testing
All the electrochemical cells were charged for 15 h using an external potenstiostat (SP-240, Bio-Logic SAS) at a constant current density of 40 mA· from open circuit voltage.
Characterization
The XRD analyses of as-prepared x wt% Pt/M-NT were performed using a Bruker D8
TwinTwin X-ray diffractometer (XRD), operating at 40 kV and 40 mA, using Cu Kα radiation (λ=1.5406 Å). In order to compare the electrocatalytic activities of different catalysts, in situ XRD analysis (XRD measurement of a whole cell without unpacking it before and after charging) was employed to study the electrochemical decomposition of [35] . The cells were mounted in transmission mode, and an Oxford diffraction Titan CCD area detector was used to collect diffraction patterns. Lanthanum hexaoride (LaB 6 , SRM-660) acted as a reference for calibrating the different parameters of powder diffraction instrument, such as sample-to-detector distance, wavelength, and detector tilt angle. In our previous work, the electrochemical decomposition of Li 2 O 2 was dramatically accelerated under the continuous X-ray irradiation [33] . Therefore, in order to avoid the negative influence of X-ray illumination, data were collected every 30 minute (an exposure time of 20 seconds was used to collect one on the area detector. This frame could later be converted to a plot of intensity vs. 2θ by the program Fit2D 
in which , , , , and are the weight fraction of Li 2 O 2 and Si, and the weight of Li 2 O 2 and Si before and after charging, respectively.
The BET surface area and porosity of the obtained samples were determined by a nitrogen adsorption apparatus (Micromeritics ASAP 2020). The morphology, particle size and elements analyses of samples were examined by scanning electron microscopy coupled with energy dispersive spectroscopy (SEM/EDS-Zeiss 1550 with Aztec EDS). Detailed particle and crystal information was obtained by high resolution transmission electron microscopy (HRTEM Tecnai F30), operating at an accelerating voltage of 300 kV. X-ray photoelectron spectroscopy (XPS) measurement was employed to study the surface composition and chemical states of as-prepared samples by a Perkin Elmer PHI 5500 system using Al Kα radiation (hν=1486.7 eV) and an emission angle of 45º . The binding energy scale was calibrated using C 1s peak assigned to the C-H bond at 285 eV. respectively. The crystallite sizes of Pt were estimated by Scherrer's formula using the full width at half maximum of the most intense Pt peak (111). As presented in Table 1 , the crystallite size of Pt deposited on 5 wt% Pt/M-NT and 10 wt% Pt/M-NT was 11.1 nm and 11.7 nm, respectively. Table 1 ).
Results and Discussion
The BET surface areas of as prepared x wt% Pt/M-NT (x=0, 1, 5, 10) are presented in Table   1 . It is noted that the BET surface areas gradually increased from 17.10 to 20.56 m 2 ·g -1 with the increasing content of Pt, from M-NT to 10 wt% Pt/ M-NT. This indicates that the highly dispersed Pt nanoparticles contributed to a slight increase of the surface area, which is beneficial to the catalytic performance. The sample 5 wt% Pt/M-NT had a pore size distribution in the range of 10-150 nm ( Figure S4 in SI). Table 2 ). The binding energies of XPS spectra and relative contribution of peaks to O1s spectra are listed in Table 2 . As seen in Table 2 , the amount of surface hydroxyl oxygen in 5 wt% Pt/M-NT is higher than that of M-NT, which may result from the increment of surface oxygen vacancies by Pt decoration.
As a very active group, the oxygen vacancies can easily combine with water absorbed on the surface of sample to form surface hydroxyl oxygen [39, 40] . Rossmeislet al. demonstrated by DFT calculations that increasing surface hydroxyl oxygen and oxygen vacancies could be favorable to the oxygen evolution reaction [41] . Therefore, 5 wt% Pt/M-NT, compared to M-NT, is expected to show better catalytic activity, due to its proper surface state modifications. In the Li-O 2 cells, we used 1 M LiPF 6 in PC as electrolyte to study charging process.
Although PC has proved to be decomposed by the intermediate superoxide species
formed during the discharge reaction (ORR) in a Li-O 2 battery [42, 43] , we chose PC as the electrolyte solvent for this study because: i) it has successfully been used to analyze the oxidation of Li 2 O 2 in a cell assembled at the discharge state (i.e. studying only OER) [13, 33, 44] ; and ii) the oxidation potential of PC solvent is higher than that of ether [5] . It becomes hence a model system for studying catalytic activity of x wt% Pt/M-NT samples.
In order to scrutinize the contribution of each component in the catalyst composites, we also kinetics was assumed to evaluate the corresponding decomposition rate constant k:
Where and are the residual ratio of Li 2 O 2 before charging, and during the charging time t (h), respectively, and k (h -1 ) is the zero-order decomposition rate constant.
From the results obtained from curve fitting, the decomposition of Li 2 O 2 in a cell with the 5 wt% Pt/M-NT catalyst followed a zero-order reaction, and the decomposition rate constant is 3.5829 h -1 . This value is close to the ideal decomposition rate constant of charging process in a Li-O 2 cell, indicating that there are very minor parasitic reactions with 5 wt% Pt/M-NT. Figure S5 and S6 in SI). Since PC easily decomposes in ORR [42] , we used dimethyl sulfoxide (DMSO) as the electrolyte solvent, which is considered as one of the most stable solvents for ORR in Li-O 2 cells, even though it degrades partially [47, 48] . The cell displayed overpotential of 1.07 V in the first cycle, which increased gradually with the cycle number due to the raising of charge potential. The inset in Figure 6 shows that the discharge capacity was dropped after 14 cycles. Besides the fact that DMSO is not completely stable in Li-O 2 cells [47, 48] , instability of Li metal anode in contact with DMSO is another reason for the sudden death of the cells [49] . Further studies to elucidate the influence of catalysts on ORR require a truly stable electrolyte to avoid parasitic reactions. However, for the time being the role of catalysts in the electrochemical decomposition of Li 2 O 2 can be investigated using the model system with a PC-based electrolyte presented in this work. 
